M
et is the tyrosine kinase receptor for hepatocyte growth factor͞scatter factor (HGF͞SF). Met is expressed predominantly in epithelial cells, whereas HGF͞SF is expressed in a paracrine manner by mesenchymal cells (1, 2) . Signaling through the Met receptor is crucial for embryonic development as well as for mediating cell growth, motility, invasion, and angiogenesis (3) (4) (5) (6) . Met and HGF͞SF are well known oncogenes, and inappropriate Met and͞or HGF͞SF expression is associated with multiple human solid tumors and poor clinical prognosis (7) (www.vai.org͞vari͞ metandcancer). Several distinct germ-line and somatic activating mutations in Met have been observed in hereditary papillary renal carcinoma (HPRC) (8, 9) as well as in other carcinomas (10) (11) (12) . HPRC accounts for Ϸ10% of renal cancers and is characterized by multifocal, bilateral papillary tumors (13) . Although Met is a dominant oncogene, patients with germ-line missense mutations in the kinase domain have incomplete penetrance and develop HPRC late in life (8) . The long tumor latency may be due to the requirement of duplication of the mutant allele, which is frequently observed in patients with HPRC (14, 15) . These events suggest that Met mutations require at least a ''second hit'' for tumors to progress.
Although the oncogenic potential of these Met mutations has been demonstrated through in vitro studies (16, 17) , their causal role for in vivo tumorigenesis in mouse models has not been demonstrated. To directly address the physiological role of activating Met mutations, we generated mice with targeted mutations in the murine met locus, representative of both somatic and germ-line activating mutations present in HPRC. We found that the different activating Met mutations predispose mice to diverse tumor types, including sarcomas, lymphomas, and carcinomas, some of which are metastatic. Moreover, similar to HPRC, we also discovered trisomy of chromosome 6 and nonrandom duplication of the mutant met allele in the majority of tumors. Our results lead us to conclude that met amplification and genetic instability are necessary for tumor progression within the presence of activating Met mutations.
Materials and Methods
Generation of met Mutant Mice. A cDNA clone containing the coding region from the SphI site in exons 14 (3,051 bp) through 20 was inserted into the pSXLDUE vector containing a poly(A) sequence. The bacterial neomycin (neo) gene was inserted 3Ј of the poly(A) tail, and the herpes simplex virus thymidine kinase (tk) gene was ligated downstream of the 3Ј recombination region to allow for counterselection against random integration of the construct. Mutations were introduced into individual constructs by PCR [M1248T (ATG 3 ACG), Y1228C (TAC 3 TGC), D1226N (GAC 3 AAC), and M1248T͞L1193V (ATG 3 ACG͞CTT 3 GTT)] and verified by sequencing. The SpeI linearized construct was electroporated into embryonic stem cells and injected into blastocysts by using methods described in refs. 18 and 19. Germ-line transmission was confirmed by Southern hybridization on tail DNA and PCR genotyping (for details, see Supporting Materials and Methods, which is published as supporting information on the PNAS web site). Experiments using mice were approved by the Van Andel Research Institute Institutional Animal Care and Use Committee.
Immunoprecipitation and Western Blot Analyses. Approximately 100 mg of liver tissue from adult male mice was homogenized in RIPA buffer [20 mM Tris (pH 7.5)͞150 mM NaCl͞0.1% SDS͞1% Nonidet P-40͞50 mM sodium fluoride͞1 mM sodium orthovanadate͞1 mM EDTA͞0.5% deoxycholate͞Complete Proteinase Inhibitor Mixture Tablets (Roche Diagnostics)]. Protein concentrations were quantified by using the DC Protein Assay (Bio-Rad). For immunoprecipitation, 1 mg of protein was incubated overnight with anti-Met antibody (B-2, Santa Cruz Biotechnology) in 1 ml of RIPA buffer at 4°C. Immune complexes were collected with protein G-Sepharose beads (Amersham Pharmacia) and washed three times in RIPA buffer. Immune complexes were eluted in 30 l of Laemmli sample buffer (pH 6.8) (Sigma) and boiled for 10 min before being loaded on to a gel. Immunoprecipitated lysates were separated on a 0.8% Tris-glycine gel (Invitrogen), transferred onto a poly(vinylidene difluoride) membrane (Invitrogen), and examined by Western analysis using an anti-Met antibody (B-2, Santa Cruz Biotechnology). Western blot analyses were performed as described in ref. 20 . Survival Curves. Survival was determined by following the respective cohorts of animals daily to determine mortality. Cohort sizes were as follows: WT, n ϭ 36; WT mu/ϩ , n ϭ 13; M1248T͞L1193V, n ϭ 71; Y1228C, n ϭ 59; D1226N-1, n ϭ 119; D1226N-2, n ϭ 72; and M1248T, n ϭ 49. We analyzed survival by using the Kaplan-Meier survival function. Pairwise comparisons of survival curves were performed with a log-rank test.
Tumor Analysis. Mice that died or were moribund were subjected to necropsy. Tumor samples were surgically isolated and directly fixed in 4% paraformaldehyde͞PBS for at least 48 h. Fixed tissues were dehydrated, embedded in paraffin, cut into 5-m sections, and stained with hematoxylin͞eosin.
FISH. Tumor touch preps were prepared by imprinting slightly thawed tissues onto glass slides and air-drying them. The slides were fixed in methanol͞acetic acid (3:1) for 20 min, equilibrated in 2ϫ saline͞sodium citrate at 60°C for 45 min, digested with 0.005% pepsin at 37°C for 10 min, and washed with 1ϫ PBS for 5 min. Slides were placed in 1% formaldehyde for 10 min at room temperature, washed with 1ϫ PBS for 5 min, and dehydrated in an ethanol series (70%, 85%, 95%) for 2 min each. Slides were denatured in 70% formamide͞4ϫ saline͞sodium citrate at 73°C for 5 min, washed in a cold ethanol series (70%, 85%, 95%) for 2 min each, and air dried. Probes were denatured at 73°C for 5 min, added to the slide, and hybridized overnight at 37°C. Posthybridization washes were with 2ϫ saline͞sodium citrate at 73°C for 2.5 min, cooled in 4ϫ saline/sodium citrate͞0.1% Tween 20, and rinsed in H 2 O. Slides were air-dried and then counterstained with anti-fade DAPI.
Bacterial artificial chromosome clone RP23-416H6 (located within A2 of chromosome 6) was labeled with Spectrum Green (Vysis, Downers Grove, IL), and clone RP24-462C10 (located within D3 of chromosome 6) was labeled with Spectrum Orange (Vysis) by using nick translation. Clone RP23-151I21 (located within A1 of chromosome 8) and clone RP23-23D5 (located within B3 of chromosome 16) were labeled with either Spectrum Green or Orange depending on the comparison. At least three spleens were analyzed as controls from each line.
Image acquisition was performed with a charge-coupled device camera (VDS vossKühler Gmbh, Osnabrück, Germany) mounted on an Olympus BX51 epifluorescence microscope by using FISH-VIEW software (Version 2.1, Applied Spectral Imaging, Vista, CA). Hybridization signals were scored for at least 200 nuclei per slide.
Real-Time PCR Analysis. Genomic DNA from tumor and control samples was extracted and RNase-treated with the Wizard Genomic DNA Purification Kit (Promega). RT-PCR was performed with the ABI PRISM 7700 Sequence Detection System (Applied Biosystems) according to the manufacturer's instructions. A 6-carboxyfluorescein (FAM)-labeled TaqMan MGB probe (5Ј-CACCAAAGGACCACAC-3Ј) and primers (forward, 5Ј-CGCAGAAGTTCACCACCAAGTC-3Ј, and reverse, 5Ј-CGTC-ATGAGCTCCCAGAGGAG-3Ј) were specifically designed by using PRIMER EXPRESS V1.5A (Applied Biosystems). Standards were prepared with 2, 20, 100, and 200 ng of ϩ͞ϩ, mu͞ϩ, and mu͞mu genomic DNA and amplified by using TaqMan Universal PCR Master Mix (PE Biosystems, Foster City, CA) according to the following PCR conditions: 50°C for 2 min and 95°C for 10 min, followed by 35 cycles of 92°C for 15 s, and 58°C for 1 min. The threshold cycle (C T ) for each sample was determined and used to generate individual standard curves for ϩ͞ϩ, mu͞ϩ, and mu͞mu samples. For tumor tissues and controls (mu͞ϩ and mu͞mu), 100 ng of genomic DNA was amplified, and the copy number of the mutant met allele was determined by using the linear regression equations from the standard curves. The copy number of met was determined by using the manufacturer's calculation where the mass of the mouse haploid genome is 3.3 pg (Applied Biosystems).
Results

Generation of Mice with Targeted met Mutations.
To study the tumorigenic potential in vivo of Met mutations when expressed from the endogenous met locus, we generated mice with activating missense met mutations that correspond to mutations detected in HPRC (8, 9) . Mice were generated with a murine met construct (mu) containing the 3Ј portion of exons 14 (bases 31-225) through 20 and a simian virus 40 poly(A) tail (Fig. 1A) . Five mouse lines were generated on a C57BL͞6J;129͞SV background and are referred to according to their mutation as follows: D1226N, Y1228C, M1248T, and a met locus containing a highly active in vitro double mutation M1248T͞L1193V. A WT met line was generated to control for locus modifications. Germ-line transmission of the mutant alleles was confirmed by Southern blot hybridization and PCR genotyping (see Fig. 6A , which is published as supporting information on the PNAS web site), and the mutations were verified by sequencing (data not shown). Based on RT-PCR and immunoblotting, the levels of met RNA and protein expression are equivalent in the WT and mutant mice (Figs. 1B and 6B). Phos- phorylated Met was observed at equal, but extremely low, levels in the liver extracts of each of the lines (data not shown).
Male and female heterozygous mice were intercrossed to determine the viability of homozygous mutant animals. Both homozygous WT mu/mu and D1226N mu/mu mice were obtained, but only heterozygous offspring were produced from the other met mutant lines. This result was not unexpected given that the D1226N mutation had weak activity in in vitro studies (16, 17) . Approximately 130 embryos at various developmental stages were examined from each line. For reasons not yet apparent, viable homozygous embryos were not observed in the Y1228C and M1248T lines or the M1248T͞L1193V line after embryonic day 6.5 or 13.5, respectively. mice (P ϭ 0.3). The M1248T mu/ϩ and M1248T͞L1193V mu/ϩ mice also had no significant difference in survival compared with WT mu/ϩ mice (P ϭ 0.9 and P ϭ 0.4, respectively). This result was unexpected, given that M1248T and M1248T͞L1193V are the most active mutations in focus formation and tumorigenic assays in nude mice (16, 17) . Although the M1248T mu/ϩ and M1248T͞L1193V mu/ϩ mice live a normal lifespan, neoplasias generally were discovered in the older mice upon necropsy. By contrast, the Y1228C mu/ϩ mice had a significantly shorter lifespan than WT mu/ϩ mice (P ϭ 0.03). The D1226N mu/mu mice had the shortest lifespan of all of the mutated lines. Only eight D1226N mu/ϩ mice were aged and had a lifespan of 20 Ϯ 6.6 months. Because of the long lifespan of these mice, D1226N mu/mu mice were used in the following studies. The met mutant lines are not congenic, and, therefore, the influence of genetic background on the tumor profiles cannot be excluded. However, it is important to note that two D1226N mu/mu lines originating from separate founders had no statistical difference in their lifespan (P ϭ 0.07) or tumor profile, suggesting that our results are not due to background effects.
met Mutant Mice Develop Unique Tumor Phenotypes. We performed histological analysis on Ϸ18 mice from each line (Tables 1 and 2 ). 
Some mice contained more than one tumor. Some mice also had pathological phenotypes that were not reported in this study; therefore, these mice were not included in the ''nonremarkable pathology'' group. Lung adenomas and hepatomas may have been observed due to the old age of the mice. *Tumors in which metastatic lesions were observed. † The myxoma was contiguous with a hemangiosarcoma (shown in Fig. 3D ). Some mice contained more than one tumor. Only malignant tumors were included in the tumor incidence calculation (i.e., lung adenomas were not included). , and M1248T͞L1193V mu/ϩ lines, which showed a high frequency of sarcomas and rare carcinomas (observed in FISH studies), and the M1248T mu/ϩ mice, which developed carcinomas but not sarcomas. All met mutant lines except D1226N mu/mu developed lymphomas. D1226N mu/mu mice developed only sarcomas, primarily hemangiosarcomas. The hemangiosarcomas detected in our mice were histologically unique compared with hemangiosarcomas observed in WT mice. The hemangiosarcomas in met mutant mice contained small-caliber blood vessels with moderately pleiomorphic endothelial cells, cavernous blood vessels, and palisading epithelioid-like cells (Fig. 3A) . The reason for this unique histological characteristic is not known. The two D1226N mu/mu lines were combined in the histological studies because similar tumor profiles were observed in each line. In the Y1228C mu/ϩ mice, 63% developed sarcomas, whereas 32% developed lymphomas. Although murine carcinomas are rare, several, such as a transitional cell and a squamous cell carcinoma, were observed in the M1248T mu/ϩ mice ( Fig. 3 B and C) . M1248T͞ L1193V mu/ϩ mice presented with various sarcomas, including hemangiosarcomas, fibrosarcomas, a leiomyosarcoma, and a spindlelike sarcoma, but only two lymphomas. In addition, some of the mutant met mice presented with multiple cancers. For example, one M1248T mu/ϩ mouse had a transitional cell carcinoma and histiocytic sarcoma, and a Y1228C mu/ϩ mouse had a contiguous hemangiosarcoma and myxoma (Fig. 3D) . Several other mice with contiguous tumors were identified (Table 3 ). In addition, we observed a Y1228C mu/ϩ mouse with a metastatic hemangiosarcoma within the lung and liver, and a M1248T͞L1193V mu/ϩ mouse presented with metastatic fibrosarcoma in the lung and liver (Fig. 3 E and F) . Finally, all mutant lines with the exception of the D1226N mu/mu line showed infrequent to moderate incidence of kidney defects including glomerulonephritis and hydronephrosis (data not shown).
Trisomy of Chromosome 6 is Observed in met Mutant
Tumors. In HPRC, nonrandom duplication of the mutant met allele is shown At least three spleens were used as controls for each met mutant line. chr., chromosome.
to be a factor for tumor development (14, 15) . To determine whether the met locus was duplicated in tumor samples from met mutant mice, we performed dual-color interphase FISH on touch preparations of tumors and normal tissues from each of the met lines by using a bacterial artificial chromosome clone specific for the met locus in band A2 of chromosome 6 (RP23-416H6) as well as a control probe for band D3 in chromosome 6 (RP24-462C10). The control probe allowed us to distinguish between duplication of chromosome 6 and localized amplification of the met locus. Strikingly, cells with trisomy and tetrasomy of chromosome 6 were observed in 97% and 30% of the met mutant tumors examined (n ϭ 30), respectively (Fig. 4 A and Table 3 ). By contrast, normal tissues examined from each met mutant line had polyploidy in Ͻ2.1% of their nuclei (Table 4) . Moreover, when the same tumors were examined with markers for chromosomes 8 and 16, no changes in the copy number of chromosome 16 were observed, and only two tumors exhibited more than two copies of chromosome 8 (Fig. 4A) . Cells with amplification of only the met locus, but not the chromosome 6D3 region, were noted in half of the tumors examined, albeit at a lower frequency than the trisomic and tetrasomic cells, and were most common in D1226N mu/mu tumors. Interestingly, the loss of one copy of chromosome 6 and͞or loss of only the met locus also was observed in several tumors that also contained chromosome 6 polyploidy. We suspect that the WT met allele is lost in the nuclei where one met locus is observed. Collectively, these results demonstrate that tumor formation in met mutant mice is associated with nonrandom polyploidization of chromosome 6 and the met locus.
The Mutant met Allele Is Duplicated in Mutant met Tumors. To determine whether the mutant met allele was being amplified in the murine tumors, we performed quantitative PCR with a probe specific to the mutant met allele. Five tumors with significant chromosome 6 trisomy and one tumor without trisomy were examined (Fig. 4B) . Each of the tumors with trisomy had significant increases in the copy number of the mutant met allele when compared with the nontumor heterozygous control. Because the tumor extracts examined contained a heterogeneous mixture of normal and tumor cells, the copy numbers for the mutant allele did not equal absolute values. Note that a control tumor lacking trisomy 6 had no increase in the mutant allele when compared to the nontumor mu͞mu control. These results demonstrate that duplication of the mutant met allele is required for tumorigenesis.
Discussion
Activating mutations in the tyrosine kinase domain of Met are associated with HPRC. An essential role for these mutations in the etiology of HPRC is supported by the observation that ectopic expression of the same Met mutations in cultured cell lines causes constitutive Met activation, focus formation, cell motility, and tumorigenesis (16, 17) . Here, we show that these mutations, under the control of the endogenous met promoter, are responsible for spontaneous tumorigenesis in vivo. These results provide convincing evidence that activating Met mutations play a key role in promoting in vivo tumorigenesis. Interestingly, the met mutant mice we generated in this study showed remarkable differences in tumor profiles. Why the The number of mutant met alleles was determined by using quantitative PCR. M1248T tumors 6 and 7, M1248T͞L1193V tumor 2, and Y1228C tumors 1 and 2 all had significant levels of Chr. 6 trisomy based on FISH analysis (Table 3 ). The mutant met allele was significantly increased in comparison with the mu͞ϩ control. Based on FISH, D1226N tumor 5 had no Chr. 6 trisomy, and no increase in mutant met was observed by quantitative PCR when compared with the mu͞mu control. P values for each comparison are as follows: M1248T tumor 6, P ϭ 2.4 ϫ 10 Ϫ5 ; M1248T tumor 7, P ϭ 0.001; M1248T͞L1193V tumor 2, P ϭ 0.002; Y1228C tumor 1, P ϭ 0.0001; Y1228C tumor 2, P ϭ 4.0 ϫ 10 Ϫ6 ; and D1226N tumor 5, P ϭ 0.7. 
D1226N
mu/mu , Y1228C mu/ϩ , and M1248T͞L1193V mu/ϩ lines develop a high frequency of sarcomas and rarely carcinomas, whereas the M1248T mu/ϩ mice develop carcinomas but not sarcomas, is not apparent. We hypothesize that these differences arise because of structural changes that distinctly alter the ability of Met to recruit accessory proteins into an active signaling complex. Indeed, the D1226N and Y1228C mutations lie directly adjacent within the activation loop (Fig. 5) and have similar tumor profiles, with both lines developing hemangiosarcomas and fibrosarcomas (Table 1) . By contrast, M1248T lies within the Pϩ1 loop of the activation domain (furthest from D1226N and Y1228C) and promotes a distinct tumor profile compared with the other mutations. It is particularly interesting that mice carrying both the M1248T and L1193V mutations develop a combination of lymphomas and sarcomas similar to those in the D1226N mu/ϩ and Y1228C mu/ϩ mice. Given that L1193 lies near the activation loop, these results suggest that structural changes at or about the activation loop are ''dominant'' to activating mutations within the Pϩ1 loop. It is also noteworthy that mice with activating Met mutations, particularly M1248T, developed a high incidence of carcinomas; whereas most age-related human cancers have epithelial origins and develop into carcinomas, mice normally develop mesenchymal tumors such as sarcomas and lymphomas (21) . Remarkably, although these mice showed a significant incidence of glomerulonephritis and severe hydronephrosis, they did not develop HPRC. Similar disparities between mice and humans have been reported for other cancers; e.g., mice deficient in the von Hippel-Lindau tumor suppressor, which is linked to clear cell renal carcinomas in humans, also fail to develop renal cancers (22, 23) . However, we cannot rule out that the C57BL͞6J;129͞SV background suppresses the development of renal carcinomas. Nonrandom duplication of the mutant met allele has been reported in HPRC as a requirement for progression (14, 15) . We found that a majority of tumors from the mutant mouse lines show similar nonrandom duplication of the mutant met allele. This finding suggests that amplification of the mutant allele is the second hit necessary for tumor development. We observed trisomy of chromosome 6 and duplication of the mutant met allele in each of the met mutant lines and in a majority of tumors of epithelial or mesenchymal origin. The presence of this amplification event in the met mutant mice is noteworthy considering that mouse cancer models often lack the chromosomal alterations that are highly prevalent in human cancers (21) . The requirement of this duplication event may explain the long tumor latency that is observed in the heterozygous met mutant mice. This tumor latency mimics the late age of onset observed in patients with HPRC (24) . Interestingly, similar results have been observed in patients harboring germ-line mutations in the kinase domain of Ret, a protooncogene structurally similar to Met. Patients with ret mutations develop multiple endocrine neoplasia type 2, and genetic analysis of pheochromocytomas from patients with multiple endocrine neoplasia type 2 has shown either duplication of the mutant ret allele or loss of the WT allele in the tumors (25) . Because of the low percentage of nuclei with loss of the met locus in our tumors, we were unable to determine which allele was lost by quantitative PCR. Based on the results from patients with Ret mutations, we suspect that the WT allele is lost in the few cases in which the mutant allele is not amplified. The recapitulation of this cytogenetic event confirms the value of this mouse model for understanding the role of mutationally activated Met in tumor development and metastasis in diverse cellular environments.
The met oncogene is involved in the progression and metastasis of numerous human cancers (7) . Therefore, understanding the distinct signaling activities of mutationally activated receptor tyrosine kinases is crucial for the development of successful cancer therapeutics. This observation was made abundantly evident in a recent study of the efficacy of the Met inhibitor SU11274 on various mutant forms of Met (26) . SU11274 was found to potently inhibit human equivalents of the murine Met M1248T and H1092Y mutants but was ineffective against the L1193V and Y1228H mutants (26) . Similarly, Gleevec has been shown to be ineffective in patients with point mutations in the kinase domains of Bcr-Abl or Kit (27, 28) . Our met mutant mice will provide a valuable model to test the effectiveness of Met inhibitors on tumors containing activating mutations present in human cancers.
